Abstract: The aim of this study was to examine the effect of the light source on the microshear bond strength of different composite resins repaired with the same substrate. Thirty cylindrical specimens of each composite resin-Filtek Silorane, Filtek Z550 (3M ESPE), Gradia Direct Anterior (GC), and Aelite Posterior (BISCO)-were prepared and lightcured with a QTH light curing unit (LCU). The specimens were aged by thermal cycling and divided into three subgroups according to the light source used-QTH, LED, or PAC (n = 10). They were repaired with the same substrate and a Clearfil Repair Kit (Kuraray). The specimens were light-cured and aged for 1 week in distilled water at 37 °C. The microshear bond strength and failure modes were assessed. There was no significant difference in the microshear bond strength values among the composite resins, except for the Filtek Silorane group that showed significantly lower bond strength values when polymerized with the PAC unit compared to the QTH or LED unit. In conclusion, previously placed dimethacrylate-based composites can be repaired with different light sources; however, if the composite to be repaired is silorane-based, then using a QTH or LED device may be the best option.
Introduction
Despite their continued development, composite resins can demonstrate degradation in the oral environment over time. Marginal deficiencies, fracture, and wear are the main reasons for deterioration, which can lead to secondary caries or tooth sensitivity. 1, 2 The traditional treatment of defective composite restorations, including removing and replacing complete restorations, is not desirable because this approach widens the prepared cavity, results in greater loss of sound tooth structure, and may lead to pulpal symptoms. 3 As a conservative alternative to complete replacement, the repair of preexisting restorations has become an important treatment option in modern dentistry. This technique can increase the longevity of the restoration, avoid unnecessary removal of sound tooth tissues, and reduce repeated irritations or injuries to the pulp. 4 In response to the dramatic rise in the use of composite resins, there has been substantial scientific interest in polymerization. Many light-curing units (LCUs) have been developed. 5, 6 Until recently, quartz-tungstenhalogen (QTH) LCUs were primarily used to polymerize composite resDeclaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
ins. However, despite their common use, QTH units have some shortcomings, such as the limited lifespan of halogen bulbs (40-100 h) and degradation of the components (bulb, reflector, and filter) over time due to the high operating temperature. 7 To overcome some of these shortcomings, the use of light-emitting solid-state diode (LED) technology was proposed in the mid-1990s. 8 Instead of the hot filaments used in halogen bulbs, LEDs use junctions of doped semiconductors to generate light. LEDs do not require filters as the spectral output because the blue LED falls within the absorption spectrum of the camphorquinone photoinitiator (400-500 nm). LEDs have an expected lifetime of more than 10,000 h, during which the light flux undergoes little degradation.
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The degree of monomer conversion produced by a blue LED source was reported to be significantly higher than that produced by a QTH source, even when all sources were adjusted to produce the same irradiance (100 mW/cm 2 ). 10 Plasma arc light-curing units (PAC units) are another choice. PAC light is emitted from glowing plasma, which is composed of a gaseous mixture of ionized molecules (e.g., xenon) and electrons.
11
Due to their higher light intensity, PAC lights cure composite resins at a much faster rate than conventional QTH LCUs and may be a time-saving alternative. 12 Several recent in vitro studies have analyzed the effects of different adhesive intermediates, surface preparation methods, and combinations of composite resins on the reparability of composite restorations. 13, 14, 15 However, to the best of the authors' knowledge, no study has evaluated the effect of the light source used on composite repair. Thus, the aim of this in vitro study was to evaluate the effect of different light sources on the microshear bond strength of aged composite repairs when the same substrate was used. The null hypothesis tested was that the type of light source does not affect the microshear bond strength.
Methodology Preparation of Aged Composite Specimens
The composite resins used in the current study are shown in Table 1 . For each composite material, 30 cylindrical specimens (10 mm diameter × 2 mm thickness) were prepared in Teflon ring molds. Each mold was positioned on a glass microscope slide before being filled with composite resin and covered with a Mylar strip. A second microscope slide was pressed firmly onto the composite to remove excess material. All of the composite specimens were bulk-cured without layering by a QTH LCU (intensity = 650 mW/cm 2 ), according to the manufacturers' instructions. Polymerized specimens were stored in distilled water at 37 °C, to replicate the oral condition, for 24 h. Thereafter, they were polished with a series of aluminum oxide polishing discs (Sof-Lex, 3M ESPE, Dental Products) under constant water cooling.
Specimens were aged by thermal cycling for 5,000 cycles between two water baths maintained at 55 ± 1 and 5 ± 1 °C. 16 All specimens were embedded in autopolymerizing acrylic resin. Before the repair procedure, they were roughened with 320-grit silicon carbide paper, to obtain a similar roughness as that obtained by diamond bur grinding.
Repair Procedure
Specimens were randomly divided into three subgroups (n = 10), according to the LCU used: QTH, LED, or PAC (Table 2) . In all cases, the LCUs were used in the standard mode and positioned 1 mm above the composite resin surface with a metal ring. A Clearfil Repair Kit (Kuraray Medical, Inc., Okayama, Japan) was used as an intermediate agent in all study groups. Before bonding, Ketchant gel (40% phosphoric acid gel) was applied for 10 s, followed by rinsing with water and airdrying for 20 s. A 1:1 mix of porcelain bond activator and Clearfil SE Bond primer was applied, followed by a thin layer of Clearfil SE Bond. A silicone tube (0.8 mm internal diameter × 0.5 mm height) was placed on the bonded area and light-cured. The adhesive resin was light-cured, and then the tubes were filled with composite resin and polymerized as described in Table 2 .
Specimens were stored in distilled water at 37°C for 1 week before the microshear bond test was performed.
Microshear Bond Strengths and Failure Analysis
The bond strength was tested with a universal testing machine (LRX, Lloyd Instruments, Ametek Inc., Leicester, UK) at a crosshead speed of 1.0 mm/min. Load at debonding was recorded in Newtons (N). The microshear bond strength was calculated by dividing the load at debonding by the bonded area (mm 2 ). For failure mode analysis, the debonded area was examined by stereomicroscopy at 40 × magnification. The failure mode was classified as adhesive (if failure occurred at the interface), cohesive (if failure affected at least parts of the substrate or the repair composite), or mixed. 17 
Statistical Analysis
The Shapiro-Wilk test was used to verify the normal distribution of the data. Then, one-way analysis of variance (ANOVA) was performed in a completely randomized design, Ŷ ij = μ + α i + e ij , where Ŷ ij is the observation value (MPa), μ is the overall mean, α i is the effect of the treatment (composite or light source), and e ij is the residual error. The Tukey multiple range test was utilized to separate these differences. All computational work was performed in MINITAB (Minitab V. 13.20, 2000) .
Chi-squared (χ
2
) analysis was applied to analyze whether the failure mode statistically depended on the composite resin or light source. If a relationship was identified, then contingency coefficients (%) for each contingency table were calculated to determine the degree of association between the failure mode and the composite resin or light source. The Z-test was utilized to determine any further association.
Results
Results of the microshear bond strength tests are summarized in Table 3 . The Filtek Z550 group showed the highest bond strength values when the QTH source was used for polymerization, followed by the PAC and LED sources, albeit without statistical significance among the subgroups. Similarly, in the Gradia Direct Anterior group, the QTH and LED sources produced the highest and lowest bond strength values, respectively, but the difference between them was not significant. All three light sources produced similar bond strength values for the Aelite group. PAC resulted in the lowest bond strength values in the Filtek Silorane group among the light sources used (p < 0.001). Table 4 shows the distribution of failure modes for all groups. For the Aelite group, the QTH and PAC subgroups showed increased numbers of cohesive failures (90% and 70%, respectively), and the LED subgroup showed an increased number of adhesive failures (70%). For the Gradia group, polymerization with QTH did not result in a significant difference in the number of adhesive or cohesive failures; however, polymerization with LED or PAC resulted in an increased number of adhesive or cohesive failures, respectively (both 60%). For the Filtek Silorane group, polymerization with QTH resulted in an increased number of adhesive failures (60%), whereas polymerization with LED or PAC resulted in an increased number of cohesive failures (60% or 70%, respectively). For Filtek Z550, the number of adhesive failures was greater than the number of cohesive or mixed failures in all subgroups.
When the failure modes of all specimens were evaluated, the QTH source exhibited the same numbers of adhesive and cohesive failures (45%). Adhesive failures were more frequent when the LED source was used (60%), and cohesive failures were more frequent when the PAC source was used (52.5%).
Discussion
As an alternative to total replacement, the repair of existing restorations can enhance the longevity of dental restorations. 18 However, many factors affect the durability of composite-to-composite bond repair. 13, 14, 15 This study aimed to evaluate the effect of different light sources on the reparability of one silorane-based and three dimethacrylate-based composite resins. Polymerization with different LCUs resulted in similar bond strength values for methacrylate-based composite resins, but differing values for the silorane-based composite resin. Thus, the null hypothesis was rejected. These results may be helpful for choosing an LCU for repairing composite restorations in everyday situations, wherein it is extremely difficult for the dentist to know whether the restoration to be repaired is methacrylate-or silorane-based.
Specimens in this study were aged with thermal cycling. Aging is common for composite repair tests 17, 19 because repairs usually become necessary months or years after a restoration is placed. The thermal cyclinginduced temperature alterations may affect the composite-to-composite repair strength by decreasing the number of unreacted double bonds on the surface or within the composite. 16 The success of the repair process is affected by various factors, such as the intermediary or repair material used, and the time after repair. 20 To focus on the effect of the light source, a uniform repair process was chosen. The Clearfil Repair Kit was used for repair, and the aged composite samples were repaired with the same substrate. Using different LCUs, resin composite thicknesses, and light exposure distances may change the physical properties and mechanical behavior of restorative materials. 21 Depth of cure and microhardness tests have been widely used to assess the relative degree of cure of resins and, thus, the efficiency of light sources. Rode et al. 21 reported no difference in microhardness up to 2 mm thickness when LED exposure distances of 0 and 3 mm were used. In Abate et al., 22 the distance between the light source and the composite surface did not affect the hardness results when a QTH LCU was used. A common clinical recommendation for the position of the LCU tip is 1 mm from the resin. 23 Thus, this guideline was applied in the current study.
The microshear bond strength test was accompanied by an analysis of failure modes. Similar bond strength values for repair were observed for the composite resins when the QTH was used, although their failure modes were significantly different. Using the LED resulted in significantly different bond strength values, but the numbers of adhesive and mixed failures of the groups were similar. It can be concluded that groups with similar bond strength values do not necessarily fail in the same way. Observed differences in the failure mode among the composite resins might be explained by their differences in flexural strength and elastic modulus, which have been suggested to affect the bond strength and failure modes of repaired restorations. 24 The PAC LCU saved time, while still achieving sufficient bond strength for methacrylate-based composite resins. The observed lower bond strength of PAC-polymerized Filtek Silorane may be attributed to the chemistry of this composite. Curing with PAC may not be adequate for all restorations because rapid polymerization may hinder the development of optimal properties in some materials. 25 Kim et al. 26 suggested a relationship between bond strength and subsurface polymerization. Guiraldo et al. 27 found that Filtek P90 did not present efficient polymerization in its deepest layers when polymerized with a QTH LCU (900 mW/cm 2 ). They reported that the degree of subsurface polymerization is greater for methacrylate-than for silorane-based composites, and they recommended increasing the exposure time or using LCUs with greater irradiance to obtain better results for silorane-based composites. Accordingly, the lower bond strength values and greater number of cohesive failures observed in the Filtek Silorane group may be attributed to the rapid polymerization method of PAC, despite its high irradiance.
No previous study has compared the repair bond strength values among different composite resins polymerized with different LCUs. However, the effect of LCUs on dentin bond strength was investigated in several studies, with conflicting results. 28, 29, 30 For instance, D'Alpino et al. 28 concluded that different LCUs influence the restoration bond strength, whereas Amaral et al. 29 reported that the LCU and method do not significantly affect bond strength. Khosla et al. 30 evaluated the effects of QTH and LED on the shear bond strengths of silorane-and bis-GMA-based composite resins. The type of LCU did not significantly affect the shear bond strength for bis-GMA-based composite resins when the total-etch technique was used, but the QTH showed the best results for curing silorane-based composites. Nevertheless, the results of these previous studies cannot be compared directly with the data obtained in the present study because those studies evaluated the bond strength to dentine.
In the current study, only one intermediate agent and one polymerization mode were tested. Further research involving the use of different intermediate agents and multiple combinations of polymerization modes is warranted.
Conclusions
In view of the methodology used and the results obtained, it can be concluded that: 1. Currently available LCUs (QTH, LED, and PAC) promote similar bond strength values in the repair of dimethacrylate-based composites. 2. In the repair of the silorane-based composite, PAC gave the lowest bond strength values; thus, using a QTH or LED device may be the best option for this type of composite. 3. In many cases, dentists do not know the chemical formulation (methacrylate-or siloranebased) of the existing composite resin. For clinical practice, using a QTH or LED device for repairing composite resin restorations would be a good recommendation for all situations.
